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ABSTRACT
This thesis deals with electrical and optical characterization of p+–i–n+ nanowire
-based photodetectors/solar cells. I have investigated their I-V performance and found
that all of them exhibit a clear rectifying behavior with an ideality factor around 2.2 at
300K. I also used Fourier transform infrared spectroscopy to extract their optical
properties. From the spectrally resolved photocurrent data, I conclude that the main
photocurrent is generated in the i-segment of the nanowire (NW) p-i-n junctions, with
negligible contribution from the substrate.
I also used a C-V technique to investigate the impurity/doping profiles of the NW
p+-i-n+ junction. The technique has been widely used for investigations of doping
profiles in planar p-n junctions, in particular with one terminal (n or p) highly doped.
To verify the accuracy of the technique, I also used a planar Schottky sample with an
already known doping profile for a test experiment. The result is very similar to the
actual data. When we used the technique to investigate the doping level in the NWs
photodetectors grown on InP substrates, the results show a very high capacitance
above 800pF which most likely is due to the influence of the parasitic capacitance
from the insulating layer of SiO2. Thus, a new sample design is required to investigate
the doping profiles of NWs.
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Chapter 1
Introduction

1.1 Project description
Nanowires (NWs) have attracted a huge amount of attention due to their interesting
fundamental properties and exciting prospects for applications in nanophotonics [1]
e.g., light-emitting diodes (LEDs), lasers, sensors and photodetectors. NW structures
have a high light absorption efficiency (photoconductivity), which makes them
promising candidates for photodetector and solar cell applications. However, one
major requirement for the design of NW devices is to understand their electrical and
optical properties. In this thesis the objective is a new type of near-infrared p+–i–n+
photodetectors/solar cells epitaxially grown on indiumphosphide (InP) substrates. InP
is known for being highly sensitive to near-infrared radiation, which makes this
compound excellent for e.g. photovoltaics, optical switches, optical interconnects and
transceivers.
In this thesis a Fourier transform spectrometer(FTIR) was used for spectrally resolved
photocurrent measurements. It is a powerful and convenient tool allowing detailed IR
investigation of materials in a wide spectral range. By investigating these valuable
properties, it is possible for us to improve the efficiency of the solar cells.
The fabrication of photovoltaices requires well-controlled doping. The most common
way to measure carrier concentration (doping) in semiconductors is by applying Hall
measurements, but due to the nanowires’ one-dimensional geometry, this method is
difficult to implement. Instead, I try to use capacitance–voltage (C-V) profiling,
which is a widely used technique for characterizing the doping level of semiconductor
materials and devices. In addition to C-V profiling of the NW-solar cells, we have
also carried out C-V profiling of a planar InP reference sample to demonstrate the
technique.

1.2 Project objectives
There are several main objectives for this project:






To investigate the current-voltage (I-V) and optical characteristics of the InP NW
photodetectors.
To measure the C-V relations of the infrared photodetectors/solar cells sample
and a thin reference planar InP sample.



1.3 Project goals






I-V curves for the photodetectors in both forward and reverse direction will be
analysed, and compared to the semiconductor diode equation.
Corresponding optical properties will be measured by FTIR spectroscopy and the
spectral data will be discussed.
Collect the C-V curves and determine the doping profile of the NWs in the
photodetectors/solar cells as well as of a thin InP epilayer supplied with a metal
(Palladium) contact.


Chapter 2
Background
2.1 Fundamentals of nanowire p-n junctions
It is essential to understand the operation and the construction of the p-n junction in
NW arrays.

2.1.1 Doping
Doping is the process of introducing impurities into an intrinsic semiconductor crystal
for the purpose of modulating its electrical properties. Taking silicon (Si) for example;
in a silicon crystal, the Si atoms are arranged periodically in a lattice and each silicon
atom has four electrons in the outer shell. Pairs of electrons from neighbouring atoms
are shared and contribute to covalent bonds. So-called n-type doping involves
substituting Si by atoms from the Group V in the periodic table e.g. phosphorous (P),
arsenic (As) and antimony (Sb), which contribute one excess electron per dopant atom.
The excess electrons require much less energy to move into the conduction band than
the electrons in the intrinsic silicon and acts as free charge carriers. In contrast, p-type
doping involves replacing some Si atoms with elements from the Group III in the
periodic table e.g. boron (B), aluminum (Al) and gallium (Ga). These atoms have only
three valence electrons each and therefore lack one electron to complete covalent
bonds to the four nearest Si neighbors. This electron is taken from a Si-Si bond which
effectively creates a a vacant location in an outer shell, called a "hole". The hole acts
as a positive charge carrier in the valence band. Doping is thus a method that allows
very precise tuning of the resistance of the material. A very heavily doped
semiconductor behaves more like a good conductor (metal). Combinations of
electron- and hole-rich regions makes it possible to realize important devices e.g. p-n
junctions (diodes) and transistors.

Figure 1: Schematic representations of n-type and p-type silicon lattices [2]

2.1.2 The p-n junction
A p–n junction is a boundary or interface between a p-type semiconductor and a
n-type semiconductor connected to each other. It is an irreplaceable part of many
semiconductor devices, such as photovoltaics, transceivers, detectors, integrated
circuits, etc. When the p-type and n-type materials are joined, the difference in
concentration of charge carriers in the materials causes the carriers to diffuse across
the junction in the direction from high concentration to low concentration. The current
caused by these carriers diffusion is called the diffusion current.
The diffusion of carriers results in a charge imbalance across the junction which
leaves positively charged ions (donors) in the n region and negative charged ions
(acceptors) in the p region. The regions nearby the p-n interfaces lose their neutrality
and form the space charge region, which sets up an electric field in the opposite
direction to the diffusion current. The space charge region is depleted of any mobile
charge by the electric field. Thus this region is also called the depletion region. The
space charge region or depletion region results in a potential difference between p and
n doped material, which is known as the built-in voltage Vb [3]:
Vb 

kT N A N D
ln
2
q
ni

(1)

There are two forces counteracting in the space charge region: the diffusion force
generated by a density gradient between the high carrier-density region and the low
carrier-density region, and the electric field force generated by the net positive and
negative charges in the n and p regions which is in the opposite direction to the
diffusion. The electrons and holes concentration profiles at thermal equilibrium are

shown in Fig. 2 with blue and red fold lines respectively. Also shown are the two
counterbalancing phenomena, the diffusion process and electric field, that establish a
dynamic equilibrium.

Figure 2: A p - n junction in thermal equilibrium [4]

If we connect the p-type part with the positive terminal and the n-type part with the
negative terminal of a voltage supply, the p-n junction is forward biased. In this way,
the holes in the p-type region and the electrons in the n-type region are pushed toward
the junction. This reduces the width and resistance of the depletion region. With
increasing forward-bias voltage, the depletion zone becomes thin enough that the
depletion region’s resistance becomes negligible.
In contrast, connecting the p-type region to the negative terminal of the battery and
the n-type region to the positive terminal makes the diode reverse biased. At the p-n
junction, the original electric field and the applied electric field are in the same
direction. A larger electric field is created in the same direction as the original electric
field and this results in a thicker, more resistive depletion region. With the positive
voltage increasing, the depletion region becomes thicker and more resistive.
Fig. 3 describes the energy band diagram of a p-n junction: Ec is the conduction band,
Ev is the valence band, EF is the device Fermi energy level which is a reference level
indicating where an existing energy level would have a 50% probability of being
occupied by an electron at any given temperature[5]. Ei is the intrinsic Fermi level
which roughly lies in the middle of the energy gap separating the conduction band
from the valence band.

Figure 3: Energy band diagram of a p-n junction in thermal equilibrium

With no external voltage or optical influence applied between the n-type and p-type
material, the p-n junction is said to be in thermal equilibrium. The potential across the
depletion region (extending from –xp to xn) in thermal equilibrium is the built-in
potential Vb.

2.2 C-V profiling
Many researchers use capacitance–voltage (C-V) measurements to investigate
semiconductor parameters. When the applied reverse bias in a p-n junction is
increased, the depletion width increases and therefore the amount of charge in the
depletion region increases. However, the relation between the bias voltage and charge
increase is non-linear. We use the definition of junction capacitance to describe this
relationship.

The junction capacitance of a p-n junction with depletion layer width or depth w (see
Fig. 3) is

C j  A / w

(2)

where:
  is the dielectric constant of the semiconductor material.
 A is the cross-sectional area of the diode.
The depletion layer width can be approximated by electrostatic analysis [6]:
1
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Vb is the built-in potential.
Va is the applied bias (reverse bias is counted negative).
Na and Nd are the doping concentrations of the p and n regions.

Thus, applying a reverse voltage to the diode causes an increase of w, which decreases
the capacitance.
Within the abrupt junction approximation, and for a p-n junction with p-region
heavily doped (for which Na >> Nd), the junction capacitance depends mainly by the
doping density in the low doped side which is

Cj  A

q
Nd
2 Vb  Va 

(4)

We can find the doping concentration on the n-doped region of a p+n junction by
constructing a plot of 1/Cj2 vs. Va. From the expression for Cj above we find
1
2 V V
 2 b a
2
C j A q N d

(5)

If one assumes that Na and Nd are constant and independent of the position, the plot is
a straight line, with a slope proportional to the reciprocal of doping density Nd and an
intercept on x coordinate axis equal to the built-in potential Vb. In other situations, we
may wish to find the doping density profile depended with the depletion depth. This
can be done numerically by investigating the differential form of equation 5 (see
appendix A). Then, we can show that (see Appendix A)
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As concluded from the equations above, each junction capacitance Cj corresponds to a
depletion depth w with a doping density Nd at that depth. The depletion depth w is
measured from the physical interface between the p+ and n regions and extends into
the lightly doped n-side of the junction. To get the doping profile, the doping density
Nd will be calculated as a function of depletion depth from the measured C-V data.

2.3 P+-I-N+ photodetectors
2.3.1 Photovoltaics
Photodetectors in the form of p-n junctions (diodes) are also called photovoltaic
converters since they directly convert solar radiation into electric power (current)
without any requirements of an external bias source. When a semiconductor material
absorbs photons with energy larger than the bandgap, free electrons and holes will be
created and swept away by an electric field, forming a photocurrent. In a photovoltaic
device (p-n junction) the required electric stems from the built-in voltage (no external
bias source). The threshold wavelength λ for absorption is given by:







c hc
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v hv Eg (eV )

(7)

c is the light speed.
h is the Planck constant.
Eg is the bandgap energy (energy difference between the conduction and valence
band).

An infrared detector is a photodetector that can sense infrared electromagnetic
radiation energy. Infrared radiation has longer wavelength than visible light,
extending from the nominal edge of red light of the visible spectrum towards longer
wavelengths.

2.3.2 Photodiodes
As already mentioned above, photodiodes are semiconductor light sensors that are
based on the internal photoeffect – the photoexcited electrons and holes remain within
the material, which effectively leads to a photocurrent.

Figure 4: Electron-hole photogeneration in a semiconductor

The photogenerated electrons and holes in the depletion layer of the semiconductor
p-n junction are subject to the local electric field within that layer. The electron/hole
carriers drift under the field force in opposite directions. This transport process
induces an electric current if the diode is part of a closed circuit.
For choosing photodiode material, the bandgap energy of the material should be
slightly less than the photon energy corresponding to the longest operating
wavelength. The infrared photon energy is around 1.24meV-1.7eV. The direct
bandgap of e.g. InP at 300K is 1.35eV which gives it a sufficiently high absorption
coefficient over most of the solar radiation spectrum to realize good solar cells.

2.3.3 P-I-N photodiode structures
A p-i-n diode is a p-n junction with an inserted intrinsic (undoped) layer between a
p-layer and an n-layer. In practice, however, an idealized i-region is in reality either a
p-layer or an n-layer due to non-intentional doping. The intrinsic region does not have
to be fully intrinsic, but only has to be highly resistive. The high resistance of the
i-region causes most of the potential drop across this region.

Figure 5: A p-i-n photodiode consists of an intrinsic region sandwiched in between the n- and
p-regions. Upper picture shows schematic layout of the photodiode with included drift and
diffusion processes. Lower picture shows schematic band diagram with included photocurrent
generation process.

A p-i-n photodiode is a detector with an extended depletion region due to the enclosed
i-region. As for the p-n photodiode, the most important part is the depletion layer,
which absorbs the light and converts the photon energy into a generated photocurrent.
The wider the depletion layer is, the higher the photocurrent would be generated. For

the aim of making a wider depletion region, we thus add an intrinsic layer in the p-n
junction, which will trap more photons and generate a higher photocurrent.
Here we make a conclusion of some other advantages of the p-i-n photodiode:







Increasing the width of the depletion layer (where the generated free carriers can
be transported by drift) increases the functional volume available for capturing
light.
Due to increase in the depletion region width, the capacitance of the junction
reduces as well as the RC time constant. A too long depletion region width,
however, should be avoided not to have exceedingly long drift time.
Reducing the RC time delay results in very high sensitivity and fast response
time.

Similarly, we analyse the doping profile of the p-i-n diode. Here the depletion width
can be achieved by [7]:
1
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Where d is the intrinsic layer width.
With Na >> Nd, we can similarly get the relationship:

 2 A2
Cj
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2.4 I-V characteristics of a standard diode
2.4.1 Temperature dependence of the bandgap
The energy bandgap of semiconductors tends to decrease as the temperature
increasing. This behaviour is mainly because the amplitude of the atomic vibrations
increases as the thermal energy of the atomic increases. Thus the average interatomic
distance increases. This effect is quantified by a linear expansion coefficient of the
material. The temperature dependence of the energy bandgap has been deduced
through experimental and theoretical work leading to the following well-known
expression of Eg as a function of the temperature T:

Eg (T )  Eg (0) 

aT 2
T 

(10)

where Eg(0), a and β are the parameters achieved through experiments.

2.4.2 The I-V relationship
The I-V characteristics is one of the most basic characteristics in semiconductor
device physic. The understanding of the relationship brings a solid background to the
understanding of many semiconductors such as photovoltaic devices. The ideal I-V
relationship can be expressed by the ideal diode equation:
qVa

I  I 0 (e KT  1)

(11)

where:

I is the net current flowing through the diode.

I0 is the "dark saturation current" - the diode leakage current density in dark

Va is the applied voltage across the two terminals of the diode.

q is the electron charge.

k is the Boltzmann's constant.

T is the absolute temperature (K).
For actual diodes, generation or recombination of carriers in the depletion region also
contributes to the current. With these effects included the expression becomes:
qV

qV

I  I 0 (e nKT  1)  I 0 e nKT

(12)

Where η = ideality factor, a number between 1 and 2 which depends on the transport
mechanisms.
Take the logarithm of both sides of the Equation 12:
ln I  ln I 0 

qv
nKT

(13)

The equation is linear in the bias, with a slope inversely proportional to the ideal
factor η. Thus η can be determined by measuring the slope of the ln (I)-V curve.

2.4.3 Breakdown effects
When a high reverse bias voltage is applied to a p-n diode the reverse current through

the diode increased rapidly at a critical bias, a phenomenon which we call breakdown.
Depending on the mechanisms of the charge transport, there are two dominant
breakdown phenomena: Zener and avalanche [8]. Zener breakdown happens only
under very high electric field, where charge carriers are forced to tunnel through the
energy bandgap. For lower electric fields, the covalent bonds stabilizing the atoms in
the crystal lattice structure will break and the released charge carriers can in turn
create new electron-hole pairs by impact leading to an avalanche-like increase of drift
current. This process is named as avalanche breakdown.

2.4 Nanowires
Nanowires are one-dimensional, anisotropic structures, very small in diameter, and
large in surface-to-volume ratio of 100 or more [9]. Being almost one-dimensional
gives them unique and interesting properties compared to bulk or 3-D materials.
According to quantum physics rules, electrons in ultrathin NWs occupy some energy
levels different from energy levels or bands in bulk or 3-D materials [10]. Nanowires
technology is being applied for faster and smaller electronic devices, for example,
electrical, optical, thermoelectric, chemical, and bio-medical devices. Depending on
the application, the materials of NWs change, for example InP nanowires are used in
photoconductors and LED’s while SnO nanowires can be applied for building lithium
ion batteries [11].
2

2.4.1 Fabrication of nanowire
Generally, there are two main approaches to fabricate nanowires: top-down and
bottom-up. A top-down approach is by partitioning a large piece of material into small
nanoscale structures by advanced processing techniques involving patterning
(lithography) and etching. A bottom-up mechanism synthesizes the nanowire by the
assembly of constituent adatoms “from the bottom”. The bottom-up strategy gives
better quality and also higher density of nanowires on the substrate which makes it
more common in today’s techniques. It also has the advantage that such NWs can be
grown on many different types of substrates. The bottom-up mechanism is mainly
realized by techniques such as vapour-phase growth and solution based growth.


Vapour-liquid-solid (VLS) processes: The vapor-liquid-solid method (VLS) is a
widely used bottom-up method for synthesizing nanowires. In this process, liquid
alloy catalyst particles are used to absorb source material for the nanowires from
a vapour phase which turns into a high-quality solid crystal phase. Here we take
the production of silicon nanowires as an example. The substrate is covered with
Au nano-particles and subsequently heated up to the melting point where the fuse
with the substrate. After that, we inject a silicon-rich vapour (silane or SiH4) into
the sealed growth chamber containing the heated substrate. Silicon atoms are
incorporated into the gold catalyst particles which leads to growth of silicon NWs

with the catalyst particle “floating” on top of the growing NWs. The diameter and
the position of the grown NWs are directly related to the size and position of the
catalyst droplets.


Template growth process: Another widely used method of nanowire
construction is template growth process. There are two commonly used template
growth methods:
pressure injection of a molten phase and electrochemical
deposition. Nanowires are developed on top of or within another nano-scale
structure. In template growth, we use anodic alumina as a substrate material since
it is very inactive as an inert material and its pore distribution can be easily
controlled, consequently the size of nanowires can be controlled.

Vapour-liquid-solid (VLS) template growth can be combined for example with
catalytic nanoparticles deposited inside a porous template to reduce the difficulty to
manipulate the position of individual nanowires.

2.4.2 NW photodetectors
P-n junctions (sometimes p-i-n junctions) can be formed along NWs by selective nand p-doping of different regions (see Fig. 6).
intrinsic
n-doped

p-doped

Figure 6: NW p-i-n junction [12]

Photodetectors based on NW arrays show more advantages than conventional cells as
they provide high optical absorption with low material consumption. In a recently
published report, NW-based InP solar cells exhibit an efficiency of 13.8% [13].
In a NW array solar cell, a large number of NW p-n junctions are grown in an array
with each NW operating as a tiny independent solar cell. Using different processing
techniques these arrays of NWs can be connected in parallel where the total
photocurrent is the sum of all the individuals.

Figure 7: An SEM image of a nanowire array in a solar cell (by Eindhoven University of
Technology)

2.4.3 The NW array device under investigation
Here we investigate infrared photodetectors/solar cell samples built from large arrays
of 180 nm thick p+–i–n+ InP NWs grown on p+ InP substrates. The detailed production
process of the samples can be found in [14].
The sample type used in this thesis was a p+–i–n+ diode, which has an intrinsic layer
between the n-layer and p-layer. The photodetector is based on square millimeter (1
mm×1mm) arrays of InP (indium phosphide) nanowires grown on InP substrates. The
sample structures are shown in Fig. 8 below.

n+

i

p+

Figure 8: Schematics of a NW solar cell.

Solar cells comprising about 1 million of NWs were made by depositing an insulating
layer of SiO2 material on the InP substrate and NWs for electrical isolation of the
NWs. Then an indium tin oxide (ITO) layer was deposited on the top of the NWs to
contact the very top of the n-segments of all NWs. For this, the SiO2 at the very top of
the NWs had to be removed by etching. The substrate serves as the bottom common
p-electrode. A thick Ti/Au contact was finally deposited to facilitate bonding of the
detector element (to make contact to the external test equipment) .

Chapter 3
Experimental setup
All equipments being used during the process is discussed in this section. An Agilent
E4980A LCR meter is used for capacitance measurement. A Keithley 428 current
amplifier and a Bruker Vertex 80V Fourier transform infrared spectrometer (FTIR) are
used for spectrally resolved photocurrent measurements. A Keithley 6430
sub-femtoamp sourcemeter is used for I-V characterization.

3.1 Agilent E4980A precision LCR meter
The Agilent E4980A precision LCR meter is used to measure the component
capacitance. It can provide a built-in DC bias from 0-40V. It also has some advanced
functions beneficial to our measurements. The correction feature allows you to
perform self-correction to compensate for any errors caused by e.g. stray impedances
before the measurements. The list sweep feature of the E4980A can automatically do
sweep measurements by sweeping the frequency, signal level or DC bias through a
maximum 201 sweep points. Table 1 summarizes some key features of the E4980A
from the datasheet.
Table 1 Specifications of E4980A
Frequency

2Hz to 2MHz

Basic accuracy

0.05%

DC bias

40V

List Sweep points

201

Speed

5.6ms

3.2 Keithley 6430 sub-femtoamp sourcemeter
The Keithley 6430 Sub-femtoamp remote sourcemeter combines voltage and current
measurements with extremely high sensitivity (down to femto-amps), high input
impedance and very low noise compared to other electrometers. It contains a sensitive
remote pre-amplifier that directly amplifies the output signal from the sample and
transmits this amplified signal via a two-meter-long cable to the control panel. This

allows users to directly connect, or close to the signal, to reduce the impact e.g. cable
noise.

3.3 Bruker Vertex 80v Fourier transform spectrometer
A spectrometer can do wavelength selective measurements of e.g. radiation or
photocurrent distributions. A typical spectrometer is a grating monochromator which
can record e.g. the absorption of light at a given single wavelength at a time. The
Fourier transform infrared spectroscopy (FTIR) method is an improved technique
where the information at all wavelengths can be measured simultaneously, also with
high speed and better S/N ratio. In FTIR spectroscopy, a so-called interferogram of
the photocurrent is generated and recorded by the spectrometer. The interferogram,
which contains the encoded detailed information about the photocurrent at each
wavelength, is converted to a spectrally distributed photocurrent using the Fourier
transform. The main part of the instrument is a Michelson interferometer (see
Appendix B).
The results are generally presented in the unit of wavenumbers, which is the number
of waves per unit length. The wavenumber is directly proportional to the frequency of
the wave and thus to the energy of the photons. The relations between wavelength，
wave number and photon energy are shown in the following formulae:

wavenumber 

Energy 

1
wavelength

hc
 hc  wavenumber
wavelength

(13)

The Vertex 80v FTIR is manufactured by the the Bruker corporation in Germany. It is
based on an evacuated optics bench to remove atmospheric moisture absorption for
ultimate sensitivity and stability. The spectrometer was equipped with a CaF2
beamsplitter and a quartz lamp.

Figure 9: Basic structure of VERTEX 80V [15] . The sample is placed at “Sample position”.

3.4 Keithley 428 current amplifier
The Keithley 428 current amplifier is made in the USA. It converts fast, small currents to
a voltage with a gain adjustable from 103V/A to 1011 V/A. The measured voltage can be
easily digitized and displayed by an oscilloscope, waveform analyzer, or data acquisition
system. The Keithley 428 gives fast response at low current levels, which can’t be
realized by normal electrometers or picoammeters.

Chapter 4
Experimental work
4.1 C-V profiling
The first task is to carry out capacitance–voltage measurements to determine the
semiconductor doping level in the p-i-n NWs of the InP photodetectors/solar cells.
Before that, it’s useful to estimate the parallel capacitance of the sample. The
1mm×1mm sample we use comprises 4 million NWs with 180 nm diameter. A p-i-n
photodiode which consists of an intrinsic region sandwiched between heavily doped
p+ and n+ regions has a depletion layer almost completely defined by the intrinsic high
resistance region. The internal capacitance of such a NWs diode can be calculated as:

Cj 

Atot
W



Atot
d

(15)

where:

Atot is the total area of all the parallel connected NWs.

d is the length of intrinsic region which is around 550nm.

is the permittivity of silicon.
Using this simple model, an expected capacitance of Cj ≈ 20.5pF is obtained In this
calculation we neglected any capacitance related to the thin SiO2 layer...
The measured C-V profiles for these photodetectors , however, indicate much larger
capacitance values of around 800pF (Fig.10). This deviation is most likely due to the
parasitic capacitance from the effective large area of the surface of the NWs and
substrate between the NWs covered with a thin 30-50nm SiO2 layer. Here we will
calculate these two capacitances in device L respectively.
As for the capacitance due to the surface area of all nanowires with 40nm thick SiO2,
we get:
2 0l
(16)
C NWs 
 4  106
r 
ln
r
where:
0 is the permittivity of SiO2.


l is the whole length of NWs, which is 1um.

τ is the thickness of SiO2 covered on the surface of NWs, which is 40nm.

r is the radius of the NWs which is 90um.
From this I obtain CNWs=2357pF


After that I estimated the total parasitic capacitance by the capacitance of SiO2 layer
covered on substrate between the NWs, which is:

Cp 

 0 ( A  Atot )
dp

(17)

where:

A is the total area of the substrate which is 1mm2.

dp is the thickness of the SiO2 layer covered on the substrate between the NWs,
which is 50nm.
Then Cp = 617pF. Cp is connected in parallel with Cj. As we could see the measured
capacitance of device L from the Fig. 10, the capacitance of the SiO2 layer covered
substrate contributes most of the capacitance from the measurement.
Next, we investigated a planar p-InP epilayer grown on top of a p+ InP substrate. The
epilayer has a palladium metal top contact. This kind of device is known as a Schottky
contact. In the C-V analyses in behaves rather like an n+-p diode. The results are
discussed in the next section.

Figure 10: C-V measurements of the InP NW photodiode

4.2 Planar test sample
In order to verify the validity of the C-V technique, we chose a series of planar
diffused palladium/InP Schottky diodes for testing. These diodes are made by growing

a thin (single crystal) layer of p-doped InP on top of a heavily p-doped substrate of the
same material (see Fig.11). A metallic layer at the bottom of the substrate forms the
cathode to which lead is attached.

Figure 11: Schematics of Pd/InP Schottky diode

As an example, we show in Fig. 12 a graph which describes a typical doping
concentration distribution in an asymmetric p+n junction. When a p+n junction is
reverse-biased, the depletion layer region extends on both sides of the junction, but
mainly into the low doped n-side. If we ignore the spreading of the space-charge
region in the heavily doped side of the junction, then w is equal to the depletion layer
width. As we already known, as we increase the reverse bias, the depletion region
width increases which makes it possible to determine the doping concentration at the
edge of the depletion region (w).

Xj (nm)

Figure 12: Doping concentration distribution with distance Xj from the physical interface between
p- and n-side .

The C-V measurements were done with a Agilent E4980A precision LCR meter using
its built-in 10mV rms sine voltage test signal. Probing semiconductor devices with
this range of test signals can reduce curve shape distortion and loss of details. The test

frequency of 100kHz was used for the C-V measurements. Fig. 13 below shows the
C-V characteristics for four different devices versus reverse bias.

Figure 13: C-V plots of four different test samples (marked E, F, H ,J)

Figure 14 shows the data in Fig. 14 plotted as 1/C2 versus V.

Figure 14: 1/C2 versus reverse voltage plots of samples E, F, H, J respectively.

As seen in Fig. 14, the C-V slope is not constant with reverse voltage. This may be
due to a non-uniform doping distribution in the diode versus depth. An improved
analysis technique is the differential capacitance method discussed previously which
allows the depth profiling of Nd in an asymmetric abrupt junction. This technique can
be described as a small increment of the applied reverse bias, dV, generates a tiny net

increase of depletion depth and thus decease of the capacitance signal. The effective
p-doping concentration as a function of depletion depth x is described by Eqn. 6.
Following this analysis by taking the differential slope of the experimental C-V data
yields the calculated doping concentration profiles shown in Fig. 15.

Figure 15: Doping profiles of samples E, F, H, J, calculated by taking d(1/C2)/dV.

Figure 16 shows that the doping densities of E, H, J change from approximately
8×10-17 to 1.5×10-18cm-3. Device F shows a somewhat abnormal doping characteristics
which may due to a flaw in the fabrication process.

4.3 Current-voltage (I-V) characteristics
After finishing the investigation of C-V characteristics, I present and discuss the I-V
characteristics of the NW photodetector/solar cell samples discussed previously. The
measurements were taken in darkness using the Lab Tracer 2.0 software. The program
provides a fast and convenient way to characterize I-V measurements. The main setup
settings are shown below, including the number of measured points, sweep delay time
and applied biases from -2V to 0.8V.

(a)

(b)

Figure 16: (a) The Lab Tracer 2.0 software measuring interface, (b) Measured I-V curves of two
nominally similar devices.

As evident from Fig. 16, a clear rectifying behavior is observed. Moreover, the current
increases rapidly when V= -0.7V which is the breakdown voltage at reverse bias. The
physical origin of this quite “soft” breakdown characteristics is not known. It could
be related to the Zener tunneling effect discussed above, but it does not show the
expected characteristic voltage dependence. A possible explanation is leakage
phenomena introduced during the complex vertical processing. To investigate this
more in detail, single NWs should be removed and processed individually.

To find the ideality factors of the two samples, I plot the In (I)-V graphs in Fig. 17
below..

Figure 17: lnI versus V of samples L and N.

We can calculate the ideality factor from the slope of ln |I| vs. V in the linear part
under forward bias. For T = 300K: η ≈ 2.2 for both samples L and N. The intercepts
give lnI0. However, as found in the graph, there are deviations from the linear curves
at larger forward biases. There are several possible reasons for this: 



Series resistance in the NWs leads to the modified diode equation:

 q (V  IR) 
I  I 0 exp 
 nKT 

(19)

With increasing applied voltage, the loss term IR will have a notable influence and the
slope of lnI curve will decrease rapidly.


Shunt resistance: RSH might caused significant power losses especially under low
applied voltage. The shunt resistance can be regarded as resistance connected in
parallel with the effective resistance. This resistance leads to the diode equation:

 qV  V
I  I 0 exp 

 nKT  RSH

(20)

The effect of a shunt resistance is particularly dominating at low voltages where the
impact of a resistance in parallel becomes large. It is usually quite difficult to correct
for the effects of RSH.
We also want to know the particular response which the current shows under reverse
bias. One alternative way of plotting the I-V is in a double logarithm scale as shown
below.

Figure 18: ln|I| versus ln|V|

Figure 18 shows ln|I| vs ln|V| for reverse biases at 300K without illumination. The
slopes of both device L and N are calculated from the linear fit of the curves which
are 2.2 and 2.16 respectively. The slope value of 2.2 means that the current will
increase with the power of 2.2 with increasing reverse voltage.

4.4 Optical characteristics
The optical measurements were carried out by using a VERTEX 80v spectrometer
combined with a Keithley 428 current amplifier. The gain for the photocurrent is set at
106V/A. Spectrally resolved measurements for all the InP nanowire samples have
been done in the range from 0-30000 cm-1. The photocurrent spectra we obtain are
converted to an energy scale in eV.

Figure 19: The photocurrent spectra of samples L and N. The sharp line at 2eV is due to a built-in
alignment laser used in the Fourier transform spectrometer to keep track of the position of the
scanning mirror

In Fig.19, for both samples, there is one main photocurrent peak at about 1.42eV
corresponding to the wavelength 873nm. This value is in agreement with the band gap
energy of InP at 300K. Incoming photons with energy larger than 1.42eV break the
crystal bonds in the InP NWs and thus create free electrons and holes which are swept
away by the built-in electric field of the NW p-i-n junctions leading to a photocurrent.
Detailed analyses of the spectra reveal that most of the photocurrent in these samples
is generated in the NWs, with a possible small contribution from the InP substrate.

Fig. 20 below shows lnI versus E. The peak at about 3.0eV is most likely related to
the ITO on top of the NWs.

Figure 20: lnI versus photonenergy for the two investigated samples.

Chapter 5
Conclusion

In this thesis, I have investigated the C-V, I-V and optical characteristics of two
p+-i+-n+ photodetectors/solar cells based on InP NWs grown on InP substrate. From
the I-V data, ideality factors of about 2.2 were determined from the slopes of lnI
versus V. This factor indicates a strong contribution from recombination currents in
the NW junctions.
From the C-V data of the InP NWs photodetectors, we found a very high capacitance.
From this we conclude that parasitic capacitance signals connected to the thin SiO2
layers on the substrate between the NWs dominate over the junction capacitance of
the p-i-n junctions in the NWs. This made it difficult to analyse the doping profile of
the nanowires in detail. Instead to show the basic principle of C-V profiling, I
analysed the doping level in a Pd/InP planar Schottky junction. These results were in
agreement with expected doping profiles.
From the spectrally resolved photocurrent characteristics we get that both
photodetector samples have an onset energy approaching the InP bandgap. Detailed
analyses shows that the main photocurrent is generated in the NW p-i-n junctions.

Outlook

It will be meaningful to investigate the temperature-dependence of the optical
characteristics of the InP NWs samples.
A new geometry for the C-V profiling of nanowires is needed. Basically, the
nanowires should be covered with a thick insulator to remove the parasitic coupling to
the substrate & NWs. Also, the classic formula of C-V profiling is not flawless. We
should try to study new techniques for the investigation of doping profiles in NWs.

Appendix A: The mathematic deduction of differential
capacitance method

For voltage-dependent capacitors, we get the capacitance at V = Vi:

C

dQ
dV

A.1

V is the applied reverse bias. Also since

dQ  qn( x) Adx

A.2

n(x) is the free carrier concentration, A is the device area and x is the depletion depth.
The capacitance with a depletion layer length x is given by:

C
Differentiating Eq A.3 we get dx 

i A
C2

i A

A.3

x

dC and substituting dx, dQ into Eq. A.1, we

obtain:

n( x )  

dV C 3
( )
q i A2 dC

A.4
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Thus we finally get n( x) 
q i A2  dV 
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A.6

Appendix B: Michelson interferometer configuration
The Michelson interferometer’s scheme is shown in the Fig. A1. A single wavelength
emitted from the source is going to the beam splitter. The beam splitter divides the
light into two beams with one of the beams being reflected towards a stationary mirror
and another transmitted to a moving mirror. The two light beams are reflected against
the respective stationary and moving mirrors after which they recombine and interfere
after the beam splitter on their way to the detector. Due to the movement of one of the
mirrors, the light intensity at the detector is modulated. The modulated light signal as
a function of mirror position (signal amplitude dependence on optical path difference)
is called an interferogram. For a single wavelength, the interferogram is sinusoidal.
The interferogram is recorded and Fourier transformed after which the spectrally
resolved detector signal (spectrum) is extracted.

Figure B1: Schematics of a Michelson interferometer

With the movement of one mirror, the travel time of the two beams are different from
each other. Due to speed of light is constant, we can say that one beam travels longer
in time by τ. Assuming the light source emits a monochromatic light beam split into
the two waves described above, we get [16]:

i ( wt  k r )
（
，
1 r , t )  a.e
i ( w（t ） k r）
（
，
2 r , t )  a.e



a and w is amplitude and frequency of emitted light respectively.
k is the wavenumber corresponding to the photon energy.



r is the distance vector of the wave.



B.1
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These two light waves recombined at the beam splitter. Since they are equal with
frequency and amplitude, the total wave function of the light becomes:

 total（r , t )   1  2  a  (1  eiw )  ei ( wt  k r )

B.3

The superimposed wave contribute to a new wave with a new number of amplitude.
The wavenumber of the new wave is determined by:
w
B.4
p
2c
The path difference for light between the two mirrors of the interferometer is:

x  c

B.5

Where c is the velocity of the light
Thus we get the amplitude:

A  a  (1  e i 2px )

B.6

It’s more common for us to measure the intensity of the wave since that is what the
photodetector will actually measure. Intensity I can be defined as |AA*|. The intensity
of the superimposed monochromatic light beam can thus be written as:

I  a 2 (1  cos(2px))

B.7

If we consider polychromatic light, then we add intensities for all different
wavenumbers to get a total intensity:


I ( x)   a 2 ( p )(1  cos(2px))dp


Fourier transformation yields the spectrally resolved amplitude a(p).

B.8

References
[1] R. X. Yan, D. Gargas, P. D. Yang, “Nanowire photonics,” Nat. Photonics, pp.
569–576, 2009, 3.
[2] S. Bowden &. C. Honsberg, “PVeducation.org - PVCDROM,” 2012. [Online].
Available: http://www.pveducation.org/pvcdrom/. [Accessed 28 April 2014].
[3] E. F. Schubert, “Light-Emitting Diodes,” Cambridge University Press, 2003.
[4] Wikipedia, “p-n junction,” [Online]. Available:
http://en.wikipedia.org/wiki/p-n junction. [Accessed 5 May 2014].
[5] A. Harrison, “Solid State Theory,” Dover Publications, pp. 237-246, 2012.
[6] B.Van, “ principles of semiconductor
http://ecee.colorado.edu/~bart/book/book/chapter4/ch4_3.htm[Accessed 7 May 2014].
[7] S. M. Sze, K. Ng. Kwok , “Physics of Semiconductor Devices”, 2007.
[8] M. Dresselhaus et al., “Nanowires,” Springer, pp.119-166, 2010.
[9] C. Soci, A. Zhang, X. Y. Bao, H. Kim, Y. Lo, and D. Wang, “Nanowire
Photodetectors,” American Scientific Publishers, 2010.
[10] M. Borgström, “Epitaxial Growth, Processing, and Characterization of
Semiconductor Nanostructures,” Lund University, Sweden 2003.
[11] M. Dresselhaus et al., “ Nanowires, ” in Springer Handbook of Nanotechnology,
Springer, pp. 119-166, 2010.
[12] B. Tian et al., “Single nanowire photovoltaics,” Chemical Society Review, vol.
38, no. 1, pp. 16-24, 2009.
[13] J. Wallentin et all., “InP nanowire array solar cells achieving 13.8% efficiency by
exceeding the ray optics Limit,” Science 2013, vol.339, pp. 1057–1060.
[14] V. Jain, A. Nowzari et all., “Study of photocurrent generation in InP
nanowire-based p+–i–n+ photodetectors,” Springer, vol.7, pp. 1-9, 2014.
[15] Bruker Optics, VERTEX 80/80v FT-IR User Manual, August 2006.
[16] Wikipedia, “wave equation” [Online]. Available:
http://en.wikipedia.org/wiki/wave_equation. [Accessed 5 June 2014].

Jiang Dawei was born in 1990 in
China. He studied Electrical
Engineering with Emphasis on
Wireless System Design in final year
from 2013 to 2014.

PO Box 823, SE-301 18 Halmstad
Phone: +35 46 16 71 00
E-mail: registrator@hh.se
www.hh.se

